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where jni is the normalized n-photon number state. The
subscript numbers label the spatial modes, and H and
V represent horizontal and vertical polarization modes,
respectively. As shown in Fig. 1, these photons are split
into four spatial modes (1, 2, 3, and 3
0
) by beam splitters
(BS
k
, k = 1; 2; 3), whose reectivity and transmissivity







































































































are the reection and transmission coeÆ-
cients of BS
k


















are the phase dierences between
mode H and V for reected and transmitted photons, re-
spectively. For simplicity, we omit the modes in the vac-









After these transformations, the phase osets for the pho-
tons in mode 2 and 3 are compensated by birefringent
phase shifters (BPS
k
, k = 2; 3). The amount of compen-






























. After compensating these phase dierences,
we are only interested in the case where there is a single
photon in each spatial mode (1, 2, 3, and 3
0
). If such
































































































































FIG. 2: The schematic diagram of another setup (scheme
II).
The probability of obtaining the photons in the state of


















. If we detect a single pho-
ton at the photon detector D
1V














. Even if we detect a single photon at the photon
detector D
1H
















in mode 2, 3, and 3
0
. In this case,
















= 1=2. Although it is diÆcult to select the sin-
gle photon in each spatial mode without destroying the
photons, we can discard the photocounts caused by the
non-W states if we are allowed to perform the postse-
lection where we select the events of the photocounts in
mode 2, 3, and 3
0
.
In practice, to implement our scheme experimentally,
we have to pay attention to the errors and the eÆciency
of generating the photons in W states. The errors in the
selected state are mainly caused by generation of three
photon pairs at PDC and the dark counts of photon de-
tectors. In PDC, the photon pair generation rate per
pulse  is approximately 10
 4
in typical multi-photon
experiments [9, 25, 26, 27]. The three-pair generation
rate O(
3





). The dark counts of current pho-
ton detectors is quite low for multi-photon coincidence
measurement, so that these errors are negligible. (See
also [28] about this kind of errors.) To see whether the
eÆciency of generating three photons in the W state is
acceptable, we compare the yield of the W state with
that of GHZ states in [9, 25, 26, 27] where type-II PDC
is also used for generating three photons. In the GHZ
experiment, the probability of obtaining the photons in
the GHZ state after generating two photon pairs is 3=8.
Compared with this probability, the yield of W states in
our scheme is smaller by a factor 1=4 . However, using
stimulated PDC [29], the four-photon generation rate can
be 16 times higher than spontaneous PDC, which suggest
that our proposal is experimentally feasible.
We can also consider another setup (scheme II) as
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FIG. 3: The schematic diagram of the setup with single
photon sources.













































































probability of obtaining these photons in the state W is










= 1=2. This scheme has an advantage that
the maximum probability can be obtained by using only
symmetric beam splitters.
So far, we have assumed that the reectivity and trans-
missivity of BS
k
are independent of polarization. If these
depend on the polarization, the delity of the nal state
to the desired W state becomes lower. In this case,
scheme I and scheme II show slightly dierent behavior.
Here, we represent the polarization-dependent reection













= 1 where L = H;V.
















































= 1=2 in scheme II.
When Æ
kL
are small, the delity F
I
in scheme I and F
II



























































so that this does not aect the delity unlike scheme II.
The use of a single photon source (SPS), which is cur-
rently being developed [30, 31], will improve the rate of
generating the photons in W states. An ideal SPS emits
a single photon in a single mode at a desired time. In this









). To prepare this initial state,
three SPSs and a symmetric beam splitter (BS
1
) are ar-
ranged as shown in Fig 3 (SPS1 and SPS2 emit a photon
in mode H and SPS3 emits a photon in mode V). The










probability 1=2 under the condition that each SPS has





, and in the case where there is one photon






. The probability of obtaining the photons



















and the maximum of this prob-







= 1=2. The generation rate of one photon from
SPS is approximately 0:4 per pulse [31] so that three-
photon generation rate is about 0:064 per pulse, which is
signicantly larger than  10
 8
per pulse for PDC [25].
Since SPS and PDC currently achieve almost the same
repetition rate, using SPS improves the rate of preparing
the state W.
In our scheme, one can also prepare non-equally
weighted states belonging to W-class. An example is the
state used for the optimal universal quantum cloning ma-





































To prepare such states, one can generally include addi-





In summary, we have proposed simple schemes for
preparing the the photons in W states by using paramet-
ric down-conversion, linear optical elements, and photon
detectors. The schemes are easy to implement and fea-
sible by current technologies. Our schemes can be im-
proved by using single photon sources to obtain a higher
rate of generating the photons.
We thank K. Nagata, J. Shimamura, and S. K.

Ozdemir for helpful discussions.
[1] M. A. Nielsen and I. L. Chuang, \Quantum Computa-
tion and Quantum Information" , Cambridge University
Press, (2000).
[2] W. Dur, G. Vidal, and J. I. Cirac, Phys. Rev. A 62,
4062314 (2000).
[3] D. M. Greenberger, M. A. Horne, and A. Zeilinger, in
Bell's Theorem, Quantum Theory, and Conceptions of
the Universe, edited by M. Kafatos (Kluwer, Dordrecht,
1989), p. 69.
[4] M. Koashi, V. Buzek, and N. Imoto, Phys. Rev. A 62,
050302 (2000).
[5] N. D. Mermin, Phys. Today 43(6), 9 (1990); Am. J. Phys.
58, 731 (1990).
[6] D. M. Greenberger, M. A. Horne, A. Shimony, and A.
Zeilinger, Am. J. Phys. 58, 1131 (1990).
[7] N. D. Mermin, Phys. Rev. Lett. 65, 1838 (1990).
[8] S. M. Roy and V. Singh, Phys. Rev. Lett. 67, 2761
(1991).
[9] J.-W. Pan et al., Nature (London) 403, 515 (2000).
[10] A. Karlsson and M. Bourennane, Phys. Rev. A 58, 4394
(1998).
[11] R. Cleve, D. Gottesman, and H. Lo, Phys. Rev. Lett. 83,
648 (1999).
[12] M. Hillery, V. Buzek, and A. Berthiaume, Phys. Rev. A
59, 1829 (1999).
[13] J. Kempe, Phys. Rev. A 60, 910 (1999).
[14] G. A. Dukin, C. Simon, and D. Bouwmeester, e-print
quant-ph/0109132.
[15] J. Joo, J. Lee, J. Jang, Y-J. Park, e-print quant-
ph/0204003.
[16] V. Buzek and M. Hillery, Phys. Rev. A 54, 1844 (1996).
[17] V. Buzek et al., Phys. Rev. A 55, 3327 (1997).
[18] N. Gisin and S. Massar, Phys. Rev. Lett. 79, 2153 (1997).
[19] V. Buzek, S. Braunstein, M. Hillery, and D. Bru, Phys.
Rev. A 56, 3446 (1997).
[20] D. Bru et al., Phys. Rev. A 57, 2368 (1998).
[21] M. Murao, D. Jonathan, M. B. Plenio, and V. Vedral
Phys. Rev. A 59, 156 (1999).
[22] A. Cabello, Phys. Rev. A 65, 032108 (2002).
[23] A. Zeilinger, M. A. Horne, and D. M. Greenberger, NASA
Conf. Publ. No. 3135 (National Aeronautics and Space
Adminstration, Code NTT, Washington DC, 1997).
[24] G.-C Guo and Y.-S Zhang, Phys. Rev. A 65, 054302
(2002).
[25] D. Bouwmeester et al., Phys. Rev. Lett. 82, 1345 (1999).
[26] J. -W. Pan et al., Phys. Rev. Lett. 86, 4435 (2001).
[27] T. Jennewein, G. Weihs, J.-W. Pan, and A. Zeilinger
Phys. Rev. Lett. 88, 017903 (2002)
[28] T. Yamamoto, M. Koashi, and N. Imoto, Phys. Rev.
A64, 012304 (2001).
[29] A. Lamas-Linares, J. C. Howell, and D. Bouwmeester,
Nature 412, 887 (2001).
[30] J. Kim, O. Benson, H. Kan, and Y. Yamamoto, Nature
(London) 397, 500 (1999).
[31] M. Pelton et al., e-print quant-ph/0208054.
